McCord JL, Hayes SG, Kaufman MP. PPADS does not block contraction-induced prostaglandin E2 synthesis in cat skeletal muscle. Am J Physiol Heart Circ Physiol 295: H2043-H2045, 2008. First published September 12, 2008 doi:10.1152/ajpheart.00904.2008.-Pyridoxal-phosphate-6-azophenyl-2Ј-4-disulfonate (PPADS), a purinergic 2 (P2) receptor antagonist, has been shown to attenuate the exercise pressor reflex in cats. In vitro, however, PPADS has been shown to block the production of prostaglandins, some of which play a role in evoking the exercise pressor reflex. Thus the possibility exists that PPADS blocks the exercise pressor reflex through a reduction in prostaglandin synthesis rather than through the blockade of P2 receptors. Using microdialysis, we collected interstitial fluid from skeletal muscle to determine prostaglandin E2 (PGE2) concentrations during the intermittent contraction of the triceps surae muscle before and after a popliteal arterial injection of PPADS (10 mg/kg). We found that the PGE2 concentration increased in response to the intermittent contraction before and after the injection of PPADS (both, P Ͻ 0.05). PPADS reduced the pressor response to exercise (P Ͻ 0.05) but had no effect on the magnitude of PGE2 production during contraction (P ϭ 0.48). These experiments demonstrate that PPADS does not block the exercise pressor reflex through a reduction in PGE2 synthesis. We suggest that PGE2 and P2 receptors play independent roles in stimulating the exercise pressor reflex. exercise pressor reflex; groups III and IV muscle afferents; neural control of the circulation; muscle microdialysis; pyridoxal-phosphate-6-azophenyl-2Ј-4-disulfonate ARTERIAL PRESSURE, heart rate, and breathing increase at the onset of exercise in part due to the exercise pressor reflex, the afferent arm of which is comprised of group III and IV muscle afferents. The exercise pressor reflex is evoked by two types of stimuli, namely, metabolic and mechanical. Several lines of evidence suggest that the metabolic component of the exercise pressor reflex is triggered in part by prostaglandins and adenosine 5Ј-triphosphate (ATP). For example, the concentration of prostaglandins and ATP in muscle are both increased during static contraction (3, 6, 10, 11, 19) . In addition, the pressor response to static contraction was attenuated when prostaglandin synthesis was prevented with indomethacin (18). Likewise, the pressor response to static contraction was attenuated when purinergic 2 (P 2 ) receptors were blocked with pyridoxal-phosphate-6-azophenyl-2Ј-4-disulfonate (PPADS) (8). Finally, both indomethacin and PPADS attenuated the responses of thin fiber muscle afferents to static contraction (7, 15, 16) . These findings suggest that prostaglandins and ATP are metabolites that contribute to the exercise pressor reflex through the stimulation of thin fiber muscle afferents.
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PPADS has been shown to block prostaglandin synthesis by canine kidney cells in vitro (17) . Consequently, the possibility exists that the attenuation of the exercise pressor reflex by PPADS is, in fact, caused by the inhibition of prostaglandin synthesis instead of by blocking P 2 receptors on thin fiber muscle afferents. To test this possibility we examined the effect of PPADS on prostaglandin E 2 (PGE 2 ) concentrations in the interstitium of the triceps surae muscles while this muscle group was contracted in decerebrate cats. We measured interstitial PGE 2 because it accounts for the largest proportion of prostaglandins formed from cyclooxygenase metabolism in skeletal muscle (1) . Furthermore, Stebbins et al. (18) showed that an injection of PGE 2 into the arterial supply of skeletal muscle partially restored the exercise pressor reflex that was attenuated by indomethacin, a cyclooxygenase blocker. In addition, PGE 2 concentrations are increased during muscular contraction as shown by the present study and others (3, 6, 19) . These findings suggest that PGE 2 is a prostaglandin that contributes to the exercise pressor reflex.
METHODS
All procedures were reviewed and approved by the Institutional Care and Use Committee of the Pennsylvania State University, Hershey Medical Center. Adult cats of either sex (n ϭ 30; 3.1 Ϯ 0.2 kg; range, 2.5-4.4 kg) were initially anesthetized with a mixture of 5% isoflurane and oxygen. The right jugular vein and common carotid artery were cannulated for the delivery of drugs and fluids as well as for the measurement of arterial blood pressure. The carotid arterial catheter was connected to a pressure transducer (model P23 XL, Statham) to monitor blood pressure. Heart rate was calculated beat to beat from the arterial pressure pulse by a Gould Biotach amplifier. The trachea was cannulated, and the lungs were ventilated mechanically (Harvard Apparatus). Arterial blood gases and pH were measured by an automated blood gas analyzer (model ABL-700, Radiometer). PCO 2 and arterial pH were maintained within the normal range either by adjusting ventilation or by intravenous administration of sodium bicarbonate (8.5%). A temperature probe was passed through the mouth to the stomach. Temperature was continuously monitored and maintained at 37-38°C by a water-perfused heating pad.
The left common iliac artery and vein were isolated, and snares were placed around these vessels to trap PPADS in the leg. The left triceps surae muscles, left tibial nerve, and left popliteal artery were isolated, after which the cat was placed in a Kopf stereotaxic and spinal unit. The calcaneal bone was cut, and its tendon was attached to a force transducer (model FT-10C, Grass) for measurement of the tension developed during contraction of the left triceps surae muscles. The knee joint was secured to a post to lock the left lower limb.
The cats were decerebrated at the midcollicular level under isoflurane anesthesia. Just before the decerebration procedure, dexamethasone (4 mg) was injected intravenously to minimize brain edema, and the left common carotid artery was tied off to reduce bleeding. All neural tissue rostral to the midcollicular section was removed, and the cranial vault was filled with agar.
Microdialysis can be used to introduce and remove ions, molecules, and drugs of interest to or from the interstitial space of skeletal muscle (5) . We manufactured microdialysis probes by gluing both ends of a 4-cm length of capillary microdialysis membrane (0.20 mm in diameter, with a 13-kDa molecular cutoff) into nylon tubing. The nylon tubing was attached to a Luer tip adapter stub that connected the probe and the perfusate-filled syringe. Each cat had four microdialysis fibers placed in its triceps surae muscles; the fibers were separated by ϳ0.5-1 cm. The probes were inserted into the muscles via a 20-gauge cannula inserted parallel to muscle fiber orientation. The insertion and exit points were ϳ6 cm apart. The microdialysis probe was threaded through the internal lumen of the needle. The needle was withdrawn, leaving the membrane in place. The Luer tip adapter stub was attached to a syringe for the administration of saline through a perfusion pump (model 402, CMA) at 5 l/min. We inserted the microdialysis probes and then waited 2 h for equilibration.
In 15 cats, the effect of PPADS on the reflex pressor, cardioaccelerator, and interstitial concentrations of PGE 2 were assessed before and during the intermittent static contraction of the left triceps surae muscles. Intermittent contraction was initiated for 10 min by electrical stimulation of the left tibial nerve (40 Hz, 25 s, 2 times motor threshold). Each contraction lasted 1 s and was followed by 3 s of rest. Baseline tension was set at 0.3-0.5 kg. The reason we used intermittent static contraction for 10 min was that this enabled us to collect enough microdialysis fluid (150 l) to measure PGE 2 concentrations by ELISA. The arterial blood pressure and heart rate were recorded for 10 min before and during the intermittent contraction period. Immediately before injecting PPADS, we tightened the snare placed around the left common iliac artery and vein. PPADS (10 mg/kg), dissolved in saline, was injected by inserting a 30-gauge needle into the popliteal artery and then injecting the compound in a volume of 0.3-0.5 ml. The snares were maintained for 15 min, after which they were released and the resting hind limb was freely perfused for another 15 min. At this point, the baseline measurements were obtained and then the triceps surae muscles were contracted for 10 min. The microdialysate samples for baseline and contraction data were collected for 10 min before and during each contraction.
In two control experiments, we used the same protocol as that described above for PPADS (i.e., trapped the drugs in the vasculature of the triceps surae muscles for 15 min, after which the muscles were freely perfused for 15 min before we initiated contraction). In the first, we injected indomethacin (1 mg/ kg) into the left popliteal artery in six cats. Indomethacin, a cyclooxygenase blocker, was dissolved (5 mg/ml) in 100 mM sodium carbonate. The volume injected into the popliteal artery was 0.5-0.8 ml. Indomethacin was injected to demonstrate that our method of measuring PGE 2 concentrations was capable of detecting decreases in this cyclooxygenase metabolite. In the second control experiment, we injected saline (0.4 ml) into the left popliteal artery in nine cats. We performed the second control experiment to demonstrate that the increase in PGE 2 concentration induced by muscle contraction was repeatable.
Muscle microdialysate samples were taken during both the baseline and contraction periods before and after injecting PPADS. Dialysate samples were stored at Ϫ80°C until analysis with a commercially available enzyme immunoassay kit (Cayman Chemical, Ann Arbor, MI). PGE 2 concentrations are expressed in picograms per milliliter (12, 14) .
Mean arterial pressure, heart rate, and PGE2 concentrations are expressed as means Ϯ SE. Baseline mean arterial pressure and heart rate were assessed immediately before intermittent contraction started and peak values were taken during the contraction period. The lag time for the dialysate to travel into the microdialysis fiber in the belly of the muscle to the collection tube was 2 min and 45 s. We took into account this lag time to achieve 10 min of contracting muscle dialysate. PGE 2 concentrations were calculated from microdialysate The symbol ϩ indicates that PGE2 concentration during contraction after indomethacin was significantly less (P ϭ 0.005) than PGE2 concentration during contraction before indomethacin (i.e., control). Horizontal bracket signifies that the increase in PGE2 concentration after indomethacin was significantly less (P ϭ 0.009) than the increase in PGE2 concentration before indomethacin (i.e., control). n, Number of cats. Values are means Ϯ SE; n, number of cats. Tension time index (TTI) during each 10-min contraction period before and after treatment with pyridoxalphosphate-6-azophenyl-2Ј-4-disulfonate (PPADS), indomethacin, or saline. MAP, mean arterial pressure; HR, heart rate. *P Ͻ 0.05, baseline vs. peak; †P Ͻ 0.05, before drug vs. after drug.
fluid collected for 10 min immediately before the intermittent contraction period and for 10 min during the contraction period. The tension-time index was calculated by integrating the area between the tension trace during contraction and the baseline level (Spike 2) and is expressed in kilograms times seconds (13) . Statistical comparisons were performed either with a one-way repeated-measures ANOVA or two-way repeated-measures ANOVA. Post hoc tests between individual means were performed with the Tukey test if significant main effects were found with an ANOVA. The criterion for statistical significance was P Ͻ 0.05.
RESULTS
Intermittent contraction increased PGE 2 concentrations in the microdialysate fluid both before and after PPADS injection (both, P Ͻ 0.05). PPADS had no effect on the magnitude of this increase (P ϭ 0.48; Fig. 1A ). In contrast, indomethacin markedly decreased PGE 2 concentrations in the microdialysis fluid during intermittent contraction in each of the six cats tested (P Ͻ 0.05; Fig. 1B ). Intermittent contraction increased PGE 2 concentrations in the microdialysate fluid both before and after saline injection (both P Ͻ 0.05). Like PPADS, saline had no effect on the magnitude of this increase (P ϭ 0.79; Fig. 1C ).
Intermittent contraction before PPADS increased mean arterial pressure and heart rate ( Table 1) . PPADS attenuated the pressor response to contraction (P Ͻ 0.05; Table 1 ) but had no effect (P ϭ 0.11; Table 1 ) on the cardioaccelerator response. Intermittent contraction before indomethacin increased mean arterial pressure (Table 1) . Indomethacin attenuated the pressor response to contraction (P Ͻ 0.05; Table 1 ). Before and after saline, the intermittent contraction increased mean arterial pressure (P Ͻ 0.05; Table 1 ). Saline had no effect on the pressor response to exercise (P ϭ 0.59; Table 1 ). The tension time index did not differ between contractions before or after PPADS (P ϭ 0.72), indomethacin (P ϭ 0.60), or saline (P ϭ 0.44; Table 1 ).
DISCUSSION
This study shows that PPADS does not block the exercise pressor reflex by inhibiting PGE 2 synthesis. PPADS, injected into the popliteal artery of decerebrate cats, had no effect on the production of PGE 2 by the triceps surae muscles while they were either at rest or while they were contracting intermittently. In contrast, indomethacin, injected into the popliteal artery, decreased the production of PGE 2 while the triceps surae muscles were at rest and while they were contracting. Our findings that indomethacin prevented much of the prostaglandin production induced by contraction, but that PPADS did not, demonstrate that it does not reduce prostaglandin synthesis in skeletal muscle. It also shows that our methods were capable of detecting a reduction in PGE 2 concentration.
The lack of effect of PPADS on PGE 2 production by the triceps surae muscles sheds important light on the issue concerning whether PPADS blocks both prostaglandin synthesis and P 2 receptors (2). The attenuating effect of PPADS on the exercise pressor reflex cannot be explained by a decrease in prostaglandin production by the contracting muscles (2), leading us to conclude that in previous studies PPADS attenuated the exercise pressor reflex by blocking P 2 receptors on the endings of group III and IV muscle afferents (4, (7) (8) (9) . We note with interest that our findings in vivo contrast with those reported in vitro (17) . This contrast may be attributable to either differences in PPADS concentrations between the two preparations or it may be an example of the unpredictable relationship between in vitro experiments and their in vivo counterparts.
